Trichloroethylene (TCE) is a widespread environmental pollutant associated with immunotoxicity and autoimmune disease. Previous studies showed that mice exposed from gestation through early life demonstrated CD4 þ T cell alterations and autoimmune hepatitis. Determining the role of one environmental risk factor for any disease is complicated by the presence of other stressors. Based on its known effects, we hypothesized that developmental overnutrition in the form of a moderately high-fat diet (HFD) consisting of 40% kcal fat would exacerbate the immunotoxicity and autoimmune-promoting effects of low-level (<10 lg/kg/day) TCE in autoimmune-prone MRLþ/þ mice over either stressor alone. When female offspring were evaluated at 27 weeks of age we found that a continuous exposure beginning at 4 weeks preconception in the dams until 10 weeks of age in offspring that TCE and HFD promoted unique effects that were often antagonistic. For a number of adiposity endpoints, TCE significantly reversed the expected effects of HFD on expression of genes involved in fatty acid synthesis/insulin resistance, as well as mean pathology scores of steatosis. Although none of the animals developed pathological signs of autoimmune hepatitis, the mice generated unique patterns of antiliver antibodies detected by western blotting attributable to TCE exposure. A majority of cytokines in liver, gut, and splenic CD4 þ T cells were significantly altered by TCE, but not HFD. Levels of bacterial populations in the intestinal ileum were also altered by TCE exposure rather than HFD. Thus, in contrast to our expectations this coexposure did not promote synergistic effects.
those diagnosed in adults may have been initiated during childhood or even earlier in development.
Various aspects of a 21st century lifestyle have been proposed as immune-mediated disease risk factors including the unwitting exposure to environmental chemicals. There is increasing evidence that developmental and early life environmental exposures to toxicants at doses not immunotoxic in adults can have even more profound and/or sustained effects even after removal of the stressor. In rodents, persistent immune suppression could be generated by developmental exposure to chemicals such as dioxin (TCDD), or pesticide (Smialowicz, 2002) . Prenatal exposure to TCDD dampened the immune response to immunizations in children, and decreased lymphocyte numbers that persisted into adolescence (Leijs et al., 2009; Stølevik et al., 2013) .
Although toxicant-induced immunosuppression can impair host resistance to infection and cancer, toxicant-induced immune activation can inappropriately increase risk for hypersensitivity disorders and autoimmune diseases. Human exposure to trichloroethylene (TCE), whether occupational or environmental, has been linked to autoimmune and hypersensitivity diseases (Cooper et al., 2009; Huang et al., 2015; Parks and De Roos, 2014; Zhao et al., 2016) . Chronic adult exposure to TCE at occupationally relevant concentrations altered CD4 þ T cell function and induced T cell-mediated liver inflammation similar to autoimmune hepatitis (AIH) in humans (Gilbert et al., 2009; Griffin et al., 2000) . Recently, developmental exposure to TCE, at concentrations 10 000-fold lower than adult exposure promoted autoimmunity even after the TCE was removed from the drinking water (Gilbert et al., 2017a) . Thus, developmental exposure to TCE increased the risk for developing immune-mediated disease in later life, and the exposure does not need to be continuous. Perinatal overnutrition/obesity has become an increasing concern as a risk factor for adverse health effects for both mother and child. Fifty percent of American women of childbearing age are overweight or obese (Ogden et al., 2015) . Adverse outcomes of maternal and postnatal obesity were observed in animal models of autoimmunity and allergy (Dinger et al., 2016; Xue et al., 2014) . In humans, maternal obesity negatively influenced programming of the neonatal immune system (Wilson et al., 2015) potentially enhancing risk to inflammatory disease such as asthma (Forno et al., 2014) .
Although the biological mechanisms for the effects of obesity on the immune system are not completely understood, it is known that adipose tissue secretes a wide variety of adipokines that interface with the immune system (Cohen et al., 2017) . Altered leptin has been linked with rheumatoid arthritis disease activity (Batun-Garrido et al., 2017) , and several other autoimmune disorders (Procaccini et al., 2015) . Patients with idiopathic AIH (the type of autoimmune disease induced by TCE in our mouse model) present with significantly higher body fat than controls (Pereira et al., 2011) .
Little is known about the impact of obesity in pregnancy or early life on autoimmunity in the offspring. Higher childhood BMI was shown to be a risk factor for the onset of pediatric multiple sclerosis (Bove et al., 2016) . Patients with childhood-onset lupus show a positive correlation between serum TNF-a and percent body fat (Sinicato et al., 2014) . Pregnant obese mothers have increased circulating levels of inflammatory cytokines and adipokines (Schmatz et al., 2010) . These mediators in the uterine microenvironment have been invoked to explain the link between maternal obesity/overnutrition and metabolic disorders in the offspring. It is likely that an increase in these proinflammatory factors may similarly predispose the offspring in later life for certain types of autoimmune diseases. Moreover, intestinal microbiome and inflammation in gut mucosa are known to be extra-articular triggers for autoimmune disorders such as rheumatoid arthritis (Belkaid and Hand, 2014; Brusca et al., 2014) .
Confirming the contribution of a particular environmental risk factor for autoimmune disease is complicated by the fact that it is almost always encountered in the presence of other effect-modifying environmental stressors. Controlled animal studies represent a logical way to study the contribution of multiple factors to an alteration in phenotype. We hypothesized that developmental overnutrition would exacerbate the autoimmune-promoting effects of low-level TCE exposure in female offspring. Due to known adverse effects of inflammation on intestinal homeostasis, we predicted that coexposure, over either stressor alone, would augment gut cytokines, and bacterial populations in the intestinal ileum. It was expected that biomarkers associated with inflammation and adiposity would be further increased by coexposure.
MATERIALS AND METHODS
Mice. The experiment used MRLþ/þ mice that spontaneously develop a relatively mild lupus-like disease late in life (50% mortality at 17 months), but can also develop other autoimmune disorders such as Sjogren's syndrome and T cell-infiltrating pancreatitis (Qu et al., 2002; Saito et al., 2013) . The cause of the predisposition for autoimmunity in MRLþ/þ mice is not known. Before they reach 1 year of age most female MRLþ/þ mice do not exhibit autoimmune tissue pathology and indications of autoimmunity are minor. The main goal of this study was to understand how TCE in combination with high-fat diet (HFD) promoted or accelerated autoimmunity. Since autoimmune diseases are found 4 times as often in women than men, we confined this investigation to female mice. The male offspring were not discarded but utilized in a separate study with different endpoints (manuscript in preparation). Thus, young adult female MRLþ/þ mice, with their propensity for autoimmunity but absence of overt disease, are a good model to test whether environmental stressors can boost autoimmunity.
Exposure strategy. The exposure strategy is shown in Figure. 1. Starting at 4 weeks of age, female MRLþ/þ mice (Jackson Laboratories; Bar Harbor, Maine) to be used as breeding dams (10 mice/treatment group) were randomly assigned to 1 of 4 exposure groups. The 4 experimental groups consisted of: (1) ). Mice were exposed for approximately 10 weeks (4 weeks prior to mating, 3 weeks during pregnancy, and an additional 3 weeks during lactation). The female dams were mated with previously untreated male MRLþ/þ mice. The TCE was administered (0 or 0.05 lg/ml) in drinking water as previously described (Blossom and Doss, 2007) . Starting at weaning -(postnatal day [PND] 21) the resulting pups were exposed to TCE (0 or 0.05 lg/ml) in drinking water and/or HFD directly for an additional 7 weeks. At that point, TCE and/or HFD was removed, and the mice received untreated drinking water and standard rodent chow (Harlan 7027) ad libitum for an additional 17 weeks at which time the experiment was terminated.
TCE and HFD exposure. Like our previous studies, TCE was administered in the drinking water. The TCE-containing drinking water was changed 3 times/week to offset degradation of TCE. Non TCE groups were given water containing only vehicle or 1% Alkamuls EL-620, the reagent used to maintain TCE in a solution. All drinking water was Ultrapure and unchlorinated (Milli-Q) to ensure that chlorination or its by-products did not confound the results. To calculate the dose of TCE in lg/kg/day, both female breeders and resulting female offspring were weighed weekly and water consumption was monitored. TCE exposure (lg/kg/day) was based on average amount of TCEcontaining water consumed per cage (2-4 mice/cage) divided by the average mouse weight per cage and a previously determined 20% degradation of TCE in the water bottles. During the same time period as the TCE exposure, mice were fed a moderately high fat "western" diet consisting of 40% kcal fat diet. Those mice not receiving a HFD were given a protein, cholesterol, and sucrose-matched control diet consisting of 10% kcal fat. All diets were purchased from Research Diets, New Brunswick NJ.
Experimental endpoints. At 27 weeks of age female mice were euthanized and randomly selected mice in each litter (n ¼ 6-10) were examined for histopathological signs of inflammation, liver steatosis, and autoimmune disease. Biomarkers of adiposity, fat biosynthesis, and energy balance in adipose and liver tissue were evaluated. In addition, several immune parameters including autoantibody production (serum), CD4 þ T cell cytokine production (spleen), and inflammation/repair gene expression (liver) were assessed. In addition, gut-mucosa-associated cytokines and bacterial population (ileal mucosa-associated) were also evaluated. All the samples that were not utilized immediately were flash frozen in liquid nitrogen and stored at À80 C for later use. This study was approved by the Animal Care and Use Committee at the University of Arkansas for Medical Sciences.
Histopathology. Parametrial fat (PMF) and liver tissue were harvested and fixed in 10% neutral buffered formalin, and paraffinembedded. PMF sections were stained with hematoxylin and eosin (H&E) and imaged using a light microscope. The adipose tissue size was evaluated using FIJI Adiposoft software. Liver tissue sections were also stained with H&E and imaged using a 100Â oil immersion. Steatosis was identified based on presence of lipid accumulation, and classified as macrovesicular if the nucleus was displaced by the vacuole or microvasicular if the nucleus remained in the center of the hepatocyte. Steatosis was scored using a 4-point scoring system (0¼ very little to no steatosis; 1 ¼ observable steatosis (25%-50%); 2 ¼ observable steatosis (50%-75%); 3 ¼ >75% observable steatosis with lipid fully surrounding nucleus. Liver, skin, and kidney tissue harvested from mice at 27 weeks of age was stained with H&E and examined for pathology related to autoimmune tissue damage. Liver sections were examined microscopically and scored in a blinded manner by a veterinary pathologist for the severity of inflammation and fibrosis based on a 4-point scale (0-3), ranging from no change to severe, respectively) as described (Gilbert et al., 2009) . Kidney sections were examined for 4 criteria, each with individual scores ranging from 1 to 4, for a total possible score of 13 as described (Gilbert et al., 2017a) . Based on previously observed results in which chronic exposure to a TCE metabolite in the drinking induced alopecia, skin was also evaluated as described (Blossom et al., 2006) .
Immunohistochemistry.
Immunohistochemistry was used to detect adipophilin (ADFP), also known as Perilipin-2, in the liver. Paraffin-embedded liver tissue were serially sectioned, dewaxed, and rehydrated through a graded alcohol series as described previously in Al-Dwairi et al. (2014) . Antigen unmasking was conducted by boiling the sections in a microwave using Citra Plus (Biogenex, San Ramon, California) for a duration of 2 min at power 10 and then for 10 min at power 1. Samples were cooled for 20 min at room temperature before treating the sections with 3% hydrogen peroxide to quench endogenous peroxidase activity and then incubating in blocking solution (Vectastain Elite ABC kit, Vector Laboratories, Inc.; Burlingame, California) for 30 min. Sections were first incubated overnight with AntiADFP antibody (antiPerilipin2/ADFP antibody; Novus Biologicals) followed by incubation with secondary antibody (Vectastain Elite ABC kit; Vector Laboratories) for 30 min. Sections were stained with 3, 3'-diaminobenzidine tetrahydrochloride (Dako Inc.; Carpinteria, California) and counterstained with hematoxylin. Slides were dehydrated and cleared by passing them through alcohol series and xylene, respectively.Quantification of staining was performed using Aperio Positive Pixel Count Algorithm (Leica Biosystems).
Quantitative reverse transcriptase polymerase chain reaction. Fluorescence-based quantitative reverse transcriptase . All exposures started 4 weeks prior to breeding and continued during gestation and lactation. Female offspring were weaned at 3 weeks and exposed to the same treatment directly for an additional 7 weeks after which TCE was removed from the purified drinking water and a standard diet was implemented. Mice were euthanized at 27 weeks of age and tissues/cells assessed for parameters as described in detail in "Materials and Methods" section.
polymerase chain reaction (qRT-PCR) was conducted as described in Gilbert et al. (2012) Antiliver antibody production. Using previously described methodology (Gilbert et al., 2017a) , microsomal liver protein (30 mg) obtained from an untreated MRLþ/þ mouse was separated on 12% SDS-PAGE, electrotransferred onto nitrocellulose, and subsequently probed with sera (1:500) obtained from each of 4 groups of mice followed by HRP-conjugated polyclonal goat antimouse IgG (1:4000). Densitometric analysis of mouse myeloma IgG run in adjoining lanes and detected by the HRPconjugated polyclonal goat antimouse IgG was used to normalize exposure times for the individual Western blots.
Detection of gut cytokines. Ileal tissues were removed from À80 C, weighed, lysed and extracted using a gentleMACS dissociator. After centrifugation (4 C for 10 min; at 750 rpm), clear supernatant was transferred to Eppendorf tubes and centrifuged at 4 C for 15 min at 10 000 Â g. Supernatants were stored at À80 C until cytokine profiling. The protein concentration was measured in the spectrophotometer using BioRad Protein Assay. All samples were diluted to a final concentration of 900 mg/ml for cytokine measurement and stored at À80 C until use for cytokine analysis as described earlier in Gokulan et al. (2016) . Identification of bacterial groups from ileal tissue. Ileal tissue lysate was prepared by bead-beating in a Fast Prep Machine. Proteins and RNA were removed by incubating with proteinase K, followed by a second incubation at 37 C for 15 min with RNAse-A.
An equal volume of phenol-chloroform-isopropanol was added to the tube containing lysate and mixed. After centrifuging at 12 000 Â g for 30 min, the aqueous layer was transferred to a new tube, and DNA was precipitated using standard techniques. The cell pellet was washed with 70% ethanol and air dried. DNA was suspended and stored in nuclease-free water. Real-time PCR was utilized to amplify DNA fragments of bacteria present in intestinal mucosa using an ABI 7500 machine. Primer Express software (Applied Biosystems, Foster City, California) was used to design primers for the identification of predominant phyla and representative genera and species of bacteria present in intestinal mucosa as previously reported in Williams et al. (2015) .
Statistical analysis. Assays were conducted using samples from 6 to 10 individual mice in each treatment group. Summary statistics such as mean and SD are presented for each treatment group. Data were initially evaluated with a 2-way analysis of variance (ANOVA) with interactions to determine the overall effects of TCE and diet (HFD), and the interaction between the 2 main factors. All analyses were followed by Tukey's post hoc tests to protect the overall significance level of 0.05. The 6 prespecified pairwise comparisons included (1) 
. Statistical significance resulting from this comparison is reported in the graphs and the tables. Pregnancy data were compared using Fisher's exact method. Steatosis grading, which is an ordinal categorical variable, was analyzed using Kruskal-Wallis H test. Subsequent pairwise comparisons between pair specified a priori were tested using Wilcoxon ranksum test. All analyses were completed in Stata v15.1 (StataCorp, College Station, Texas).
RESULTS

Dams: Pregnancy and Birth Parameters
Neither terminal body weights nor a longitudinal evaluation of body weight during the treatment regimen revealed any statistically significant group-specific changes in the dams when evaluated approximately 3 weeks after their 10-week exposure to TCE and/or HFD. Similarly, when maternal fat depots were examined and normalized to body weight (ie, maternal retroperitoneal fat [RPF] and PMF) there were no differences among the groups (data not shown). Thus, the relatively short duration of the exposure to HFD did not alter body weight or distribution of fat depots in the dams. In addition, none of the treatments had a significant effect on CD4 þ T cell function or serum markers of autoimmunity (data not shown). Thus, the dams were not evaluated further for autoimmune pathology or other mediators related to fat metabolism, lipogenesis, or inflammation in other tissues. Interestingly, the combination of the 2 environmental stressors appeared to significantly decrease breeding effectiveness. When compared with 100% successful pregnancies for dams in the control group (10/10 dams), only 60% (6/10) of the dams in the coexposure group had successful pregnancies. When compared with a total of 68 pups generated by the dams in the (TCE
group only generated 20 pups, and this effect was statistically significant (Table 1) . However, other pregnancy endpoints such as average litter size (No. of pups per born from each litter) were not statistically different among the groups. Thus, although not conclusive, some aspect of pregnancy or birth appeared to be altered in the coexposure group despite no evidence of obesity, CD4
þ T cell cytokine effects, or autoimmunity in the dams.
TCE Opposed the Effect of HFD on Body Weight and Adiposity Biomarkers in Female Offspring
The offspring from the 4 groups of dams were maintained on the same treatment regimen as dams from weaning age (3 weeks of age) until 10 weeks of age. At that point, all treatments were removed and offspring were given standard chow and unchlorinated drinking water for the duration of the experiment (Figure 1 ). At 27 weeks of age all of the female pups were euthanized and examined for multiple parameters. Body weight and fat depots are presented in ) groups. Although the effect of coexposure on body weight at 27 weeks was less dramatic relative to the 10-week time point, there was a significant interaction effect between TCE and HFD (p ¼ .02), which was not observed at the 10-week point (p ¼ .18). However, there were significant main effects for HFD consumption at 10 weeks as well as 27 weeks that were significant (p < .001) and not observed for TCE exposure. Together these results suggested that HFD was associated with increased body weight and TCE appeared to mitigate this effect.
Also shown in Table 2 , in addition to body weight, fat depots which reflect a more accurate assessment of obesity were examined at 27 weeks. Similar to body weights, animals from the (TCE sented as a ratio to body weight, the mean RPF of (TCE À /HFD þ ) offspring was significantly increased relative to no treatment controls. PMF/body weight ratios were not significantly different. Although there were no significant interaction effects on these endpoints, for PMF, RPF, and RPF/body weight ratio there were statistically significant main effects of HFD (p ¼ .03, .02, and .04, respectively) but not TCE. Thus, similar to body weight, HFD was associated with increased fat depots, and TCE appeared to lessen this effect.
TCE Decreased HFD-Mediated Expression of Genes Involved in Fat Synthesis and Insulin Resistance in Adipose Tissue and Liver
Several genes related to obesity, overnutrition, and insulin resistance were examined in adipose tissue and liver. Adipose tissue was evaluated for mRNA expression of adipokines, leptin, and adiponectin (adipoq). In both adipose tissue and liver, genes involved in fatty acid synthesis including fasn which encodes fatty acid synthase and cytosolic malic enzyme (me1) which contributes to de novo fatty acid synthesis and HFD-induced adiposity (Al-Dwairi et al., 2012) were evaluated at study terminus.
Results of qRT-PCR are depicted in Figures 2A and 2B . For adipose tissue, Adipoq is negatively correlated with body fat and was decreased in all groups relative to no treatment controls, an effect that was not specific to HFD-fed mice. In contrast, TCE had an antagonistic effect on HFD-induced leptin levels. Leptin expression levels were decreased as much as 5-fold in both TCE exposure groups (6 HFD) compared with (TCE measured and was not significantly different when compared among the 4 groups (data not shown). In addition to adipose tissue, q-RT-PCR was conducted in liver to assess expression of me1 and fasn, which are important biomarkers of metabolic changes associated with obesity in liver. As shown in Figure 2B , unlike that observed in adipose tissue, mean levels of fasn increased significantly by nearly 50% in groups. In contrast, me1 was not only significantly increased by approximately 63% in the HFD-only group; it was also significantly increased in the TCE-alone group (by approximately 50%) and with coexposure (by approximately 52%) compared with (TCE À /HFD À ) Figure 2 . TCE decreased gene expression related to fatty acid synthesis and insulin resistance. A, Adipose (PMF) and B, liver tissues were collected from female offspring at study terminus. Expression of genes in PMF and liver were measured by qRT-PCR as described in the "Materials and Methods" section. Results are represented in the graphs as mean (SD) fold change. Data were analyzed by 2-way ANOVA to test for significant interaction and main effects between the 2 variables (TCE Â HFD). Shown in the graphs are p values for the 6 pairwise Tukey's post hoc comparisons. Results are statistically significant (*p < .05 and **p < .001).
controls. Although TCE appeared to enhance the expression of this enzyme, mice in the (TCE À /HFD þ ) group expressed significantly more me1 compared with all TCE-exposed groups, and there was a significant interaction of HFD and TCE (p ¼ .0001). In contrast, for fasn there was not a significant interaction, but both TCE and HFD imparted significant main effects (p ¼ .02 and .0004, respectively). Thus, overall TCE appeared to suppress HFDinduced lipogenic gene expression in adipose tissue and liver.
TCE Decreased HFD-Induced Effects on Hepatic Steatosis and ADFP Despite changes in liver gene expression, liver weight, when normalized to body weight, was not significantly different among the 4 groups indicating absence of overt liver toxicity ( Figure 3A) . However, histopathology assessment revealed liver steatosis-like pathology associated with HFD consumption ( Figure 3B ). When individual pathology scores were compared, 90% of the liver samples from mice fed HFD received a score of 3 compared with only 22% of controls and this difference was statistically significant. TCE exposure alone was associated with little to no steatosis (median pathology score of 0) compared with a median score of 1 in (TCE À /HFD À ) controls, an effect that was also significant. Animals coexposed to both TCE and HFD exhibited a significant reduction in steatosis compared with the (TCE À /HFD þ ) group (median score of 1 vs 3, respectively). As reported by others, small cytoplasmic vacuoles were present in no-treatment control mice, resulting in steatosis scores of >0.
Representative images of H&E staining from each of the 4 treatment groups revealed significant lipid accumulation in a slide from a mouse in the (TCE Figure 3C ). The pattern of the hepatic steatosis appeared to be microvesicular where the cytoplasm is replaced by bubbles of fat that do not displace the nucleus and thus are not characteristic of the more severe form of steatosis characterized by lobular inflammation, hepatocellular ballooning, and fibrosis found in nonalcoholic fatty liver disease and nonalcoholic steatohepatitis (Kleiner, 2017) . In contrast, TCE exposure 6HFD indicated little or no fat content.
ADFP, also known as Perilipin-2, is a biomarker of lipid droplet formation, fatty liver, adipocyte differentiation, and steatosis (Carr et al., 2014 Figure 4B ). Thus, similar to effects of HFD-induced lipogenic gene expression, TCE exposure appeared to oppose the effect of HFD on lipid droplet staining and pathology indicative of steatosis.
TCE Increased Cytokine and IL-6 Signaling Genes Involved in Inflammation and Liver Repair/Regeneration in Liver
Despite antagonistic effects of TCE and HFD on liver steatosis, H&E histopathological assessment did not reveal significant changes related to AIH-like pathology in the form of lymphoplasmacytic portal infiltrate and lobular inflammation in any of the groups examined (data not shown). Earlier studies have demonstrated that liver AIH-like histopathology does not appear until 26 weeks of exposure in adult animals (Gilbert et al., 2009) , and in approximately 37-week-old mice that were exposed to TCE during development (Gilbert et al., 2017a) . We have shown later-occurring liver pathology caused by TCE was associated with earlier-occurring hepatic events related to inflammation and repair (Gilbert et al., 2014) . As shown in Table 3 , TCE exposure (either alone or in combination with HFD) was associated with a significant increase in mRNA of proinflammatory chemokines (C-C motif ligand 2 (ccl2) relative to (TCE À /HFD À ) controls. This expression was also significantly increased in Figure 3 . TCE-inhibited HFD-mediated steatosis-like liver pathology. Liver tissues were collected from female offspring at study terminus. A, Liver weights (g) are presented in graphs (mean [SD] ). B, Liver was processed as described in the "Materials and Methods" section and scored to evaluate steatosis and represented as mean (SD). Each plot in the graph represents a liver sample from a single mouse within each group. C, Representative H&E staining of liver samples (100Â oil immersion).
The red arrow points to fat deposits which are largely absent in TCE groups. Results are statistically significant (*p < .05 and **p < .001).
coexposed mice compared with the (TCE À /HFD þ ) and (TCE À / HFD À ) groups. As for ccl5 expression, TCE had a similar effect when administered alone, but not in combination with HFD compared with controls. TCE increased ccl5 relative to HFD exposure and, interestingly, a decrease in levels from the coexposed group relative to (TCE þ /HFD À ) demonstrating HFD's apparent ability to decrease this chemokine with coexposure. A significant interaction effect was detected for ccl5 (p ¼ .02) but likely not as important as the main effect of TCE exposure (p ¼ .001).
Cytokines, tnfa, il1b, and tgfb were also similarly increased by TCE exposure, but not in the context of coexposure relative to controls except for tgfb. HFD exposure alone significantly decreased tnfa relative to controls directly opposing TCE's effects. There were no statistically significant interactions among these cytokines. However, significant main effects of TCE were observed for ccl2 (p < .001), tnfa (p < .001), il1b (p ¼ .004), and tgfb (p ¼ .001) whereas significant main effects for HFD were only observed for tnfa (p ¼ .0002).
IL-6 signaling has been shown to be important in liver regeneration following damage (Tao et al., 2017) . The IL-6 signaling complex consists of IL-6 receptor, glycoprotein (gp) 130, a transmembrane signaling protein, and Egr-1. Based on previous studies of altered IL-6 signaling with TCE exposure (Gilbert et al., 2014) mRNA expression of il6r, gp130, and egr1 were evaluated by q-RT-PCR. As shown in Figure 5 , TCE exposure increased expression of IL-6 signaling complex genes while the HFD groups had little effect even in the context of coexposure. There was a statistically significant interaction effect with egr1 and il6ra expression (p ¼ .03 and .04) but with a more significant main effect with TCE exposure (p < .001 for both genes). There was also a significant main effect of TCE, but not HFD, with gp130 (p < .001) implying that TCE impacts most IL-6 signaling complex components dependent upon the level of HFD.
TCE and HFD Imparted Distinct Antiliver Antibody Profiles in the Offspring
Although we reported that higher concentrations of TCE can increase levels of antinuclear antibodies (antissDNA) early in the exposure, later effects of TCE on ANA levels can be difficult to detect as baseline levels of these autoantibodies increase spontaneously in female MRLþ/þ mouse as they age (Griffin et al., 2000) . In this study, early signs of autoimmunity in the form of antiliver antibodies were found in the coexposed offspring to a higher degree than other groups (Figure 6 ) despite the finding that the relatively low levels of TCE were not sufficient to increase antissDNA levels beyond their already high baseline levels in the MRLþ/þ mice (data not shown). Thus, although the relatively short-term and low-level coexposure to TCE and HFD did not generate overt AIH-like autoimmune tissue pathology or generalized serological signs of autoimmunity, the combined treatment did trigger early indications of autoimmunity directed towards liver. did not reveal significant interaction effects, main effects of TCE treatment of ifng (p ¼ .003) and il17 (p ¼ .005) were detected. In contrast, main effects of HFD were found with il4 expression (p ¼ .005). The results suggested that HFD and TCE had opposing effects on CD4 þ T cell cytokine mRNA expression. Despite these functional effects, splenic cellular composition of CD4 þ T cells and other lymphocyte populations was not significantly different among the treatment groups (data not shown).
TCE and HFD Mediate Opposing Effects on Gut Mucosal Cytokines and Microbial Abundance
In view of the increasingly well-documented connection between the gut and the immune system, the levels of cytokines and microbial composition of the ileal region of the small intestine were examined. Peyer's patches reside in this region of the gut, and its intestinal bacterial population most closely associated with the immune system function including inflammation (Geuking et al., 2014; Hashiguchi et al., 2015; Teng et al., 2016) . A panel of cytokines was evaluated, and some either with statistically significant changes or others that were altered in liver or CD4 þ T cells related to treatment are presented in Figure 7 . Most alterations in gut cytokines were found in offspring that had been exposed to TCE, either alone or in the context of HFD coexposure. This included a statistically significant decrease in IL-1b, IL-3, GM-CSF, eotaxin, IL-6, and IFN-c compared with (TCE À /HFD À ) controls. The decline in IL-1a was unique to TCEonly exposure, and the decrease in IL-6 was found with coexposure relative to (TCE À /HFD À ) controls. Although TCE facilitated an overall suppression of cytokines, the HFD-only group promoted increased levels of IL-1a, IL-3, GM-CSF, and IFN-c relative to (TCE þ /HFD À ) and/or (TCE þ /HFD þ ). IL-17, TNF-a, CCl2, CCl5, and IL-13, a cytokine that is similar in function to IL-4, were not statistically different. There were a few significant interaction effects including IL-3 (p ¼ .009), GM-CSF (p ¼ .008), and IFN-c (p ¼ .04), but these effects did not appear to be as important as the significant main effects of TCE (p < .001 for all genes). Significant main effects of TCE were also revealed for IL-
and TNF-a (p ¼ .007). Significant main effects of HFD were observed for CCL2 (p ¼ .008). Thus, this result demonstrated a seemingly predominant effect of TCE exposure on decreasing gut cytokines relative to HFD exposure. The connection between gut cytokines and peripheral immune responses is at least partially related to changes in the gut microbiome. Thus, the mucosa-associated bacteria in the ileal region were examined. The results showed a large intermouse variation and our statistical analysis did not reveal significant differences among the bacterial species ( Figure 8A ) Based on the downregulation of the mean of universal bacteria by the 2 TCE groups and a significant main effect (p ¼ .05) with TCE exposure alone, we conducted a different comparison that can be viewed as another post hoc test, where the combined mean of the 2 TCE groups (TCE ). This comparison of the relative number of total bacteria (as measured by expression of universal 16s rRNA) was considerably decreased when the combined expression of the TCE groups was compared with the combined expression of the nonTCE groups ( Figure 8B ). TCE exposure, regardless of diet, also increased the ratio of firmicutes to bacteroidetes compared with controls and mice that received high fat alone ( Figure 8C ). Taken together, the alterations observed in the gut microbiome were modest but appeared to be mediated by TCE exposure with little influence of the diet.
DISCUSSION
It was predicted that the combination of 2 proinflammatory stressors consisting of TCE and HFD administered during a critical time of development would have synergistic effects on a number of mediators of adiposity, immune function, autoimmunity, inflammation, and the microbiome over either treatment alone. In contrast to our expectations, many effects mediated by either exposure opposed one another, and appeared to antagonize the expected effects of either stressor. For instance, most of the obesity-related endpoints that were associated with known effects of HFD were seemingly reversed by TCE exposure. TCE decreased leptin, fasn, and me1 in adipose tissue relative to animals fed HFD. This effect carried over to me1 expression in liver tissue as well. Perhaps the most striking results of the study occurred when TCE reversed HFD-induced microvesicular hepatic steatosis-like pathology. Although this type of steatosis is considered to be more benign than the macrovesicular type, altered lipogenic gene expression and ADFP staining results by TCE exposure are suggestive of altered lipogenesis or lipid catabolism with TCE with the possibility of reduced partitioning/handling of the lipids by the liver which could result in a less apparent steatosis. Regardless, the results demonstrate an antagonism of HFD-mediated effects by TCE.
Although numerous studies of obesity and/or HFD on adiposity endpoints have been conducted, little is known how TCE impacts these effects. Studies examining some of these factors were conducted in adult rodents at very high doses after an acute exposure. For instance, ME1 levels were altered in kidney of rats given a high dose of TCE (1000 mg/kg/day) for 25 days (Khan et al., 2009) . Ramdhan et al. (2010) examined the role of PPARa, a nuclear receptor important in fatty acid transport and b-oxidation, in TCE-induced liver steatosis. In this study, transgenic PPARa-humanized mice exposed to 2000 ppm TCE-exhibited increased steatosis relative to unexposed mice in both PPARa null and wildtype mice. The implications of these studies are not clear since the TCE dose in both studies were systemically toxic and not relevant to either human occupational or environmental TCE exposure. The TCE concentration of 0.05 lg/ml (approximately 50 ppb) used in this study was considerably low, and should yield a total mouse exposure approximating human environmental exposure. The calculated TCE consumption in the pups averaged under 10 lg/kg/day. To put this dose into perspective, the 8-h permissible exposure limit for occupational exposure to TCE has been established by the Occupational Safety and Health Administration at 76 mg/kg/day. Although the dose used in the current study is higher than the maximum contaminant level (MCL) for TCE in municipal water supplies (5 ppb or 0.005 or 0.001 lg/ml for some states), it is not outside the realm of actual human environmental exposure to TCE. Cumulative exposure can be increased when environmental levels of TCE are above the MCL. For example, TCE has been detected in California drinking water sources with an average concentration up to 0.020 lg/ml in the contaminated samples (Williams et al., 2002) . One could estimate that a cumulative exposure from ingestion, inhalation, and dermal contact could encompass around 120 lg/day or approximately 10.9 lg/kg/day for a toddler of average body weight and 1.7 lg/kg/day for an average body weight adult. Levels could be even higher if calculations were based on the maximum rather than average exposure levels.
Other significant findings included serological signs of autoimmunity in the form of antiliver antibodies. Tissue pathology that is associated with AIH in humans is often accompanied by the development of autoantibodies that recognize liver proteins. The generation of antiliver antibodies in the control mice, despite their well-known ability to generate ANA later in life, was minimal. Yet, similar to patients with AIH, a diverse autoantibody profile was detected in mice coexposed to TCE and HFD. The remaining groups of mice had different profiles. Most notably, a detectable band in the TCE only group at about 15 kda was absent in other groups. We recently reported that developmental exposure to a similar dose of TCE followed by a period of cessation promoted antiliver antibodies commensurate with AIH relative to control mice (Gilbert et al., 2017a) . It is not clear why the result was not recapitulated here. However, the mice were several weeks younger in the current study. Thus, it is possible that with advancing age more profound autoimmune pathology would have manifested in the mice.
It is not obvious from the antiliver antibody profile that the effects are solely attributable to TCE. Little is known about the effects of HFD on AIH. One recent study in mice demonstrated that diet-induced obesity (DIO) increased the severity of AIH but with no effect on T cell responses (Gaur et al., 2017) . HFD increased disease symptoms in a mouse model of experimental autoimmune encephalomyelitis (Hasan et al., 2017) and directly increased autoantibody production in C57BL/6 mice (Şelli et al., 2017) . Although these studies underscore the importance of obesity/overnutrition in autoimmunity, no studies in the literature exist in HFD-fed autoimmune-prone mice after developmental exposure.
The alterations in biomarkers of liver inflammation and regeneration/repair genes appeared to be attributable to TCE, rather than HFD consumption. TCE significantly increased mRNA for ccl2 and ccl5, and HFD appeared to oppose these effects. Although the importance of this finding is not yet known, CCL2, also known as MCP-1 recruits immune cells to various organs including the liver, and induces proinflammatory cytokines at the site of tissue injury. CCL2 has been detected in sera in patients with AIH (Li et al., 2013) . Importantly, CCL2 directly inhibited PPARa induction and impeded fatty acid oxidation in a model of alcoholic liver injury (Mandrekar et al., 2011) This finding may explain the mitigating effect of TCE on HFD-regulated gene expression and steatosis. Likewise, CCL5, or RANTES, was increased with TCE exposure. This chemokine is similar to CCL2 functionally (Lee et al., 2017) , and may also be important in human AIH (Czaja, 2014) . A corresponding increase in liver IL-1b expression with TCE exposure was observed with no effect of diet. Similarly, mRNA expression for TGF-b, which plays an important role in the progression of liver disease, was also elevated with TCE exposure (Dooley and ten Dijke, 2012) . Interestingly, while TNF-a increased with TCE exposure, this proinflammatory cytokine decreased in HFDconsuming groups in liver and appeared to mitigate the effect of TCE. The effect of HFD on TNF-a carried over to CD4 þ T cells where it increased rather than decreased the expression of this cytokine. Thus, HFD appeared to modulate the TNF-a response in our model. TNF-a is elevated in human obesity, and increased levels of leptin in obese individuals promotes the generation of proinflammatory cytokines such as TNF-a, IL-12, and IL-6 (Perez-Perez et al., 2017) . Liver IL-6 signaling components involved in tissue regeneration and repair increased with TCE exposure. HFD appeared to negate this effect. Like CCL2, the opposing effects of TCE on the adiposity endpoints (e.g., steatosis) could be explained by TCE's effect in liver IL-6 signaling and inflammation. IL-6 related signaling can protect against the progression of hepatic steatosis, and blockade of IL-6 signaling ameliorated insulin resistance and adipokine levels in HFD-fed mice (Yamaguchi et al., 2015) . This finding implies that, together, the increase in liver inflammation and repair markers may play a role in the TCE-mediated reversal of HFD-induced effects. In terms of AIH, it may be that a loss of this regenerative capacity may play a role in AIH progression, ultimately leads to actual disease in the mice with prolonged TCE exposure.
Based on the important role of the microbiome in DIO and immune function, we assessed the microbiome in all exposure groups. Despite some variability, clear patterns emerged, and TCE, unlike HFD-fed animals, appeared to significantly reduce the total number of bacteria and alter the ratio of some of the phyla. The reason for this effect is not clear since HFD exposure, obesity and dietary alterations can alter microbial composition. Distinct populations of intestinal microbiota can indirectly participate in the onset of obesity initiating low-grade inflammation, as well as fat deposition through metabolism of short chain fatty acids (Boulange et al., 2016) . Future studies are needed to better understand the role of these exposures on the microbiome and its correlation with the short chain fatty acid metabolites. With regard to the liver, increased microbial abundance may alter steatosis and insulin resistance as shown in germ-free C57BL/6 mice administered HFD (Rabot et al., 2010) . Germ-free mice were found to gain less weight than conventional mice, and colonization of these mice with microbiota from conventional mice resulted in replenished weight gain (Backhed et al., 2007) Thus, the finding that TCE basically reversed HFD-induced steatosis may also be linked with the microbiome. Especially relevant is that the consistent TCEmediated decrease in gut cytokines is in line with what would be expected with decreased microbial abundance. Thus, several mechanisms may be involved in TCE's ability to oppose HFDmediated effects in our model.
Limitations include the baseline adiposity of the MRLþ/þ mouse strain. The MRL mouse with its genetic propensity towards autoimmunity has been useful in understanding effects of environment on autoimmune disease. However, the MRL Splenic CD4 þ T cells were isolated and activated as described in the "Materials and Methods" section. Cells were harvested and processed for RNA and cytokine expression was measured by qRT-PCR. Numbers represent mean and SD fold change values relative to unstimulated CD4 þ T cells and normalized by EEF2 housekeeping gene.
Data were analyzed by 2-way ANOVA to test for interaction and main effects of the 2 variables (TCE and HFD). Numbers represent mean and SD of the 4 exposure groups
(1-4). Data were analyzed by 2-way ANOVA to test for significant interaction of the 2 variables (TCE Â HFD). Shown in the table are p values for the 6 pairwise Tukey's post hoc comparisons numbered by group and conducted as described in the "Materials and Methods" section. Results are statistically significant (p < .05) indicated in bold.
mouse itself already weighs approximately 10 g more than ageequivalent C57BL/6 mice, and the fat mass of the MRL mouse is almost 40% higher than C57BL/6 (Srivastava et al., 2006) . Also noteworthy is the finding that MRL mice are resistant to metabolic changes and hyperglycemia related to HFD (60% kcal fat; Mull et al., 2014) . It is possible that these baseline issues masked significant coexposure induced changes. Thus, while C57BL/6, the standard model for DIO (Wang and Liao, 2012) might be more sensitive model to evaluate HFD-related metabolic issues, it was necessary to conduct this assessment of autoimmune-promoting ability of TCE/HFD in MRLþ/þ mice. This study has important consequences for human health. Both TCE and HFD imparted significant changes in adult offspring when exposures were applied during critical windows of development. Notably, these changes were observed approximately 17 weeks after the exposures were removed. Persistence of developmental programming effects have been reported for both TCE (Gilbert et al., 2017a; Blossom et al., 2017) , and HFD (Lecoutre et al., 2017; Segovia et al., 2017) when administered alone. As for developmental coexposure, epigenetic Figure 7 . TCE exposure decreased levels of gut cytokines. Ileal tissue was harvested from offspring at study terminus, protein was extracted, and multiplex cytokine assay was conducted as described in the "Materials and Methods" section. Means (SD) are represented in the graphs (ng/ml). Data were analyzed by 2-way ANOVA to test for significant interaction and main effects between the 2 variables (TCE Â HFD). Shown in the graphs are p values for the 6 pairwise Tukey's post hoc comparisons. Results are statistically significant (*p < .05 and **p < .001). mechanisms were found to be perturbed in a model of HFD and bisphenol A coexposure (Kochmanski et al., 2017) underscoring the potential importance of epigenetic effect as a mechanistic consideration. Programming effects can be observed in models of obesity/overnutrition for several endpoints including immune function, obesity, and growth in offspring Krasnow et al., 2011; Saad et al., 2016; Sferruzzi-Perri et al., 2013; Xie et al., 2017) . TCE exposure has also been shown to modulate the epigenome in immune cell subpopulations (Gilbert et al., 2016a (Gilbert et al., ,b, 2017b . This study presents novel findings of several effects of developmental TCE and HFD coexposure in female MRLþ/þ mice. Future research will explore mechanisms to understand how these long-lasting effects are maintained and how the individual stressors oppose one another.
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